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The magnetosphere substorm plays a crucial role in the solar wind energy dissipation into the ionosphere. We report on
the intensity of the high-latitude ionospheric irregularities during one of the largest storms of the current solar cycle—the
St. Patrick’s Day storm of 17 March 2015. The database of more than 2500 ground-based Global Positioning System (GPS)
receivers was used to estimate the irregularities occurrence and dynamics over the auroral region of the Northern
Hemisphere. We analyze the dependence of the GPS-detected ionospheric irregularities on the auroral activity. The
development and intensity of the high-latitude irregularities during this geomagnetic storm reveal a high correlation with
the auroral hemispheric power and auroral electrojet indices (0.84 and 0.79, respectively). Besides the ionospheric
irregularities caused by particle precipitation inside the polar cap region, evidences of other irregularities related to the
storm enhanced density (SED), formed at mid-latitudes and its further transportation in the form of tongue of ionization
(TOI) towards and across the polar cap, are presented. We highlight the importance accounting contribution of
ionospheric irregularities not directly related with particle precipitation in overall irregularities distribution and intensity.
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Introduction
The ionospheric dynamics in the high-latitude region is
driven by a coupling between the solar wind, the magneto-
sphere, and the ionosphere. One of the most remarkable
phenomena of a geomagnetic storm is a substorm, during
which excess energy accumulated in the magnetosphere–
ionosphere system is explosively released (Akasofu 1964,
1966). At the ionospheric level, the onset of a substorm is
manifested by brightening and breakup of an equatorward
moving quiet auroral arc and subsequent explosive expan-
sion of the auroral bulge accompanied by magnetic distur-
bances (Newell et al. 2001; Streltsov et al. 2010). Signatures
of substorm expansion include precipitation of the high-
energy particles into the ionosphere that is associated with* Correspondence: tcherniak@ukr.net
1Space Radio-Diagnostic Research Center, University of Warmia and Mazury,
2 Oczapowskiego, Olsztyn 10-719, Poland
2Space Weather Laboratory, Kharkiv, Ukraine
Full list of author information is available at the end of the article
© 2016 Cherniak and Zakharenkova. Open Acc
Attribution 4.0 International License (http://crea
and reproduction in any medium, provided yo
to the Creative Commons license, and indicateinjection of the high-energy particles in the magnetosphere
(Arnoldy and Chan, 1969; McIlwain, 1974). The most
intense ionospheric irregularities in the high-latitude iono-
sphere are caused by plasma processes associated with
auroral activities, attributed to auroral particle precipitation,
and dynamical processes including high-speed plasma
convection (e.g., Phelps and Sagalyn 1976; Fejer and Kelley
1980; Keskinen and Ossakow 1983).
Occurrence of the ionospheric irregularities is difficult to
forecast and to model, because of the temporal and spatial
variability of the ionosphere and solar activity. The linkage
of the high-latitude ionospheric irregularities, which pro-
duce the radio signal scintillation, to the GPS measure-
ments is of special importance for several research
activities. One of these concerns the study of the physical
processes in the polar region, needed to understand the
fundamental aspects of the coupling between the solar
wind and the Earth’s magnetosphere and ionosphere. The
other focuses on the space-related technical applications, as
the presence of the ionospheric irregularities can impactess This article is distributed under the terms of the Creative Commons
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
u give appropriate credit to the original author(s) and the source, provide a link
if changes were made.
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distort the performance of the global navigation systems
(e.g., Smith et al. 2008). So, study of morphology and
spatio-temporal dynamics of the ionospheric irregularities,
their dependences on geophysical factors for proper specifi-
cation by an empirical model is actual for both fundamental
and applied tasks. This study focused on the testing of po-
tential drivers for the GPS-based empirical modeling of the
ionospheric irregularities’ occurrence and intensity in the
polar and auroral latitudes.
Nowadays, the GPS technique provides a relatively
high-resolution method for tracking the signatures of
the ionospheric plasma irregularities (e.g., Pi et al. 1997;
Aarons and Lin 1999; Valladares et al. 2004; Jakowski
et al. 2012; Cherniak et al. 2014a). In the high-latitude
ionosphere the phase fluctuations of the GPS signals are
primarily caused by the steep ionospheric density gradi-
ents and irregularities associated with auroral and cusp
precipitation and polar cap patches (Skone and Cannon
1995; Mitchell et al. 2004; Watson et al. 2011; Noja
et al., 2013; Prikryl et al. 2013, 2014; Jiao et al. 2013).
In this paper, the intensity of the high-latitude iono-
spheric irregularities was studied for one of the largest
storm of the 24th solar cycle. We examine the St. Patrick’s
Day geomagnetic storm on 17 Match 2015. More than
2500 permanent GPS stations, located in the Northern
Hemisphere, were processed and analyzed in order to esti-
mate the storm time dynamics of ionospheric irregularities
in the polar and auroral regions. We analyze the depend-
ence of the GPS-detected ionospheric irregularities on the
auroral activity indices, such as the auroral hemispheric
power (HP), the auroral electrojet (AE), and the planetary
geomagnetic Kp indices.
Data and methods
In this paper, we focus on the region of the Northern
Hemisphere, which covered the 30–90° geographic latitude
range. We use the raw GPS measurements provided by the
dense ground-based networks of GPS receivers: IGS and
UNAVCO networks as well as the European Permanent
Network (EUREF) and the Canada permanent GNSS
regional networks. As a result, our database consists of
more than 2500 GPS stations. All raw RINEX data were
converted to the 30-s resolution, as different sampling rate
can greatly affect the results (e.g., Jacobsen 2014).
To obtain the characteristics of the ionospheric irregu-
larities dynamics, we processed the multi-site GPS data-
base and calculated two GPS-based indices. We use the
time-derivative of TEC (ROT, rate of TEC change) as a
measure of phase fluctuation activity and the Rate of TEC
Index (ROTI) as a GPS-based index that characterizes the
severity of the GPS phase fluctuations and detects the
presence of ionospheric irregularities (Pi et al. 1997). In
the high-latitude ionosphere, the ionospheric irregularitiesare generated by different mechanisms and their spatial
scale sizes varies from 1000 km (e.g., polar patches) to
scale sizes ~100 s km to ~10 s cm (Keskinen and Ossakow
1983). Taking into account that plasma drift at high
latitudes is in the order of 1 km/s and standard ROT com-
putation for each 30-s interval, Pi et al. (1997) estimated
that this technique can provide measurements of the
irregularities with scale sizes in the order of ~30 km and
larger.
For overall representation of the spatial evolution of
high-latitude irregularities and their linkage with the
Earth’s magnetosphere (due to the strong connections
between the Earth’s magnetic field and the ionosphere),
we analyzed the daily ROTI polar maps. The ROTI
mapping technique was also described in Cherniak
et al. (2014a, b). Here, ROTI behavior is represented as
a function of a magnetic local time (MLT) and cor-
rected magnetic latitude (MLAT) for a specific day. We
use the corrected geomagnetic (CGM) coordinates with
the Definite/International Geomagnetic Reference Field
(DGRF/IGRF) models. This polar map represents a
daily map with 00–24 MLT time frame. The grid size is
8 min MLT by 2° MLAT, with the latter covering 50–
90°. ROTI data were binned and averaged in each
MLAT-MLT bin, i.e., the map resolution is 20 bins
along MLAT axis and 180 bins along MLT axis. In
general, the averaged ROTI value in each bin is corre-
sponded to the probability of the GPS signals phase
fluctuations caused by passing of radio signals through
the ionospheric irregularities. For daily ROTI maps, we
averaged and binned all ROTI values collected during
00–24 UT period of a considered day.
To study the dynamics and intensity of the ionospheric
irregularities at the high-latitude ionosphere, we also
construct polar ROTI maps with temporal resolution of
15 min.
Further, we calculate the Hemisphere ROTI index
(HROTI) on the base of the 15 min ROTI maps. This
index represents the average level of the GPS fluctuation
activity from the mid-latitudes towards the auroral re-
gion. It can be determined as a sum of the ROTI values
for all non-zero bins. Here we used the normalized
Hemisphere ROTI index by the total bin number.
The St. Patrick’s day geomagnetic storm
The severe geomagnetic storm occurred on 17 March
2015 and caused the dramatic response in the iono-
sphere–plasmasphere–magnetosphere system. Figure 1
shows the variations of interplanetary and geomagnetic
parameters during 15–20 March 2015.
The sudden storm commencement (SSC) was regis-
tered at ~0445 UT and then there was a quick drop of
the SYM-H index to the value of −226 nT, observed at













































































Fig. 1 Variations of the interplanetary and geomagnetic parameters during 15–20 March 2015 storm: the IMF Bz, Bx, and By components
(Geocentric Solar Magnetospheric (GSM)), density, velocity, and dynamic pressure of the solar wind, and Sym-H index. Red line indicates the
SSC time
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The planetary index of the geomagnetic activity Kp
reached the maximum value of 8 after ~12 UT on 17
March 2015, qualifying it as a severe geomagnetic storm.
During the main phase of the storm (17 March), the
interplanetary magnetic field (IMF) orientation displayed
a highly complex behavior. Three IMF components (top
panels of Fig. 1) switched several times from positive to
negative values and vice versa. Right after the shock ar-
rival, the northward IMF Bz component reached the
value of about 25 nT. At ~0530 UT the IMF Bz turned
southward and reached the first minimal value of−18 nT at 0615 UT. Then the IMF Bz sharply turned
northward and varied significantly between north and
south during ~8 h. After ~1340 UT the Bz turned south-
ward again and remained south till the end of this day.
From ~06 till 11 UT, there are observed dominating
positive Bx and negative By with peak values of 16.5 and
−16.8 nT for Bx and By, respectively. During 11–15 UT
with the new southward turning of Bz, the opposite situ-
ation with Bx/By domination occurred—Bx became
negative with the minimal values of −14 nT while By
component became positive with the peak of 30 nT.
After 15 UT, IMF By turned sharply to negative values,
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the new peak of 20 nT around 18 UT.
Kamide and Kusano (2015) reported that this severe
geomagnetic storm (G4 level) was a result from the
superposition of two successive, moderate storms, driven
by two successive, southward IMF structures. The in-
tense geomagnetic storm on 17–18 March 2015 leads to
the auroral particle precipitation and an enhancement of
the substorm activity. During this storm, aurora was
observed as far south as 55–60° MLAT in the USA,
Europe, and Japan (e.g., Nishitani et al. 2015; Kamide
and Kusano 2015; GUVI TIMED JHU/APL website
2015). This storm results in significant consequences on
satellite operations, radio waves propagation, and GNSS-
related services and applications. As reported by the
WAAS Test Team (Wanner 2015) during the 17 March
2015 storm, the degradation of positioning performance
was registered.
Results and discussion
In this study, we analyzed the NOAA Hemispheric Power
(HP) index, that representing the estimated power in giga-
watts (GW) deposited in the polar regions by energetic
particles. The HP index is usually used as a measure of
auroral particle precipitation activity (Fuller-Rowell and
Evans 1987; Emery et al. 2008; Newell et al. 2009). We
compare GPS-based ROTI data with changes of the HP
index for the Northern Hemisphere. We use the results of
the Oval Variation, Assessment, Tracking, Intensity and
Online Nowcasting (OVATION) Prime Real-Time model.
OVATION Prime is an auroral precipitation model pa-
rameterized by solar wind driving (Newell et al. 2009,
2014). The model is based on the precipitating particle
observations collected by the Defense Meteorological Sat-
ellite Program (DMSP) spacecraft. Distinguishing features
of the model include an optimized solar wind–magneto-
sphere coupling function which predicts auroral power
significantly better than Kp or other traditional parame-
ters, the separation of aurora into categories (diffuse
aurora, monoenergetic, broadband, and ion), the inclusion
of seasonal variations, and separate parameter fits for each
bin of 0.5° magnetic latitude (MLAT) × 0.25 magnetic
local time (MLT) (Newell et al. 2014). Ovation Prime has
been in operational use since 2011 at the NOAA Space
Weather Prediction Center (SWPC) and at NASA God-
dard Space Flight Center.
Figures 2 and 3 illustrate several examples of the re-
trieved ROTI maps together with the HP results derived
by the OVATION Prime Real-Time model for the quiet
day of 16 March and the disturbed day of 17 March 2015.
These examples correspond to times of 0915, 1615, 1730,
and 2230 UT, which are close to the HP index peaks (see
Fig. 5b). We present the ROTI maps by two kind of
visualization: 1) maps in geographical coordinates withlatitude range of 30–90° N (left column of Figs. 2 and
3a–d), 2) maps in geomagnetic coordinates with lati-
tude range of 50–90° MLAT (middle column). The
OVATION-derived maps (right column) are in geo-
magnetic coordinates with latitude range of 50–90°
MLAT and 00–24 MLT. The OVATION maps illus-
trate the total HP value for the Northern Hemisphere
and one can see the significant intensification of the
total aurora with the HP index of 110 GW on 17
March comparing with the previous day of 16 March
when the HP index reached only 10 GW.
During the quiet day of 16 March, the irregularities in-
tensity in the ROTI maps was rather weak and was not
registered below 65–70° N MLAT. The Ovation Prime
output at the quiet time (with the average auroral HP
about 10 GW) also shows weak aurora intensity with the
narrow precipitation zone near 65° MLAT. During the
main phase of this storm, the zone of the intense iono-
spheric irregularities occurrence moved equatorward
(Fig. 3). The ROTI map for 2230 UT (Fig. 3d) shows the
equatorial border of this irregularities zone reached 45°
N (~55° MLAT) in North America. The OVATION-
derived results demonstrate a significant increase of the
auroral precipitation intensity and the equatorial border
of the auroral oval reached 55° MLAT.
Additionally, we present the superimposed on the
ROTI geographical maps the orbital tracks of the Swarm
satellites, when one of the satellites passed the region
close to the GPS ROTI observation time. The recent
ESA’s mission Swarm consists of the three identical
satellites—A, B, and C. The Swarm satellites provide in
situ observations of the ionospheric plasma density at
~480–530 km. Each graph demonstrates the orbital
track (thin line) and leveled plasma density Ne values
(thick line) along the satellites’ orbit. During disturbance
day of 17 March, the intense ionospheric irregularities at
altitude of about 500 km in comparison with the quiet-
day ones were observed. These irregularities were regis-
tered inside the polar cap region. The Swarm in situ
measurements are in a rather good agreement with
ground-based GPS observations and also show the
occurrence of the ionospheric irregularities even over
regions with lack of GPS data.
The bottom panel (Figs. 2e and 3e) shows the daily
ROTI map for 16 March and 17 March 2015. These
maps represent the ionospheric irregularities occurrence
as a function of the corrected MLAT (50–90°) and MLT
(00–24 MLT), we use the same grid with 8 min MLT by
2° MLAT bins. ROTI map for the Northern Hemisphere
(Fig. 3e) shows the complex pattern of the ionospheric
irregularities occurrence during the main phase of the
storm on 17 March. The most intense ionospheric ir-
regularities were found within 60–70° MLAT during
~20–09 MLT and one noontime peak at ~11–13 MLT.
Fig. 2 (See legend on next page.)
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Fig. 2 Comparison of the ROTI maps with the OVATION model results for selected UT moments of 16 March 2015 (the quiet day). Each panel (a–d)
presents the example of 15 min ROTI maps in geographic coordinates (30–90° N), the same ROTI map in CGM (50–90° MLAT) and the OVATION map
for this UT moment in geomagnetic coordinates (50–90° MLAT) with the noon at the top. The Swarm satellites (A or B) orbital tracks and leveled
plasma density Ne values (thick line) are superimposed on the geographical ROTI maps; time (UT) and satellite name are indicated close to the track
line. Black dot indicate the position of the magnetic pole in CGM. Bottom panel (e) shows the daily ROTI map for 16 March. The Feldstein model
results of the auroral oval (dashed line) are superimposed on the map
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sity can be found within 50–60° MLAT at ~15–17 MLT,
that correspond to the irregularities intensification in
North America shown in Fig. 3d.
Further, we make model calculation of the auroral oval
equatorward and poleward boundaries. For this purpose,
we use the auroral oval representation of the Feldstein
ovals by Holzworth and Meng (Feldstein 1963; Holzworth
and Meng 1975). The model is driven by IQ index of
magnetic activity (0–6) and provides the equatorward
and poleward boundaries in corrected geomagnetic lati-
tude (CGL) of the oval for given magnetic local time
(MLT). Superimposed black dashed lines at Figs. 2d
and 3d reproduce the Feldstein model auroral ovals for
IQ = 3 and IQ = 6 (highly disturbed), correspondingly.
For 16 March, all GPS-detected ionospheric irregular-
ities are located at high latitudes within the equator-
ward boundary of the auroral oval, derived from the
model simulations. For the case of 17 March, the ob-
served picture is much more complicated. The signifi-
cant part of the observed irregularities found to be
outside the equatorward boundary of the modeled aur-
oral oval. Relatively good agreement between the aur-
oral model boundaries and intense GPS irregularities
location is found in night-time sector of 21–03 MLT.
The features of the irregularities pattern in the daily and
15-min ROTI maps (but not reproduced by OVATON
model) can be explained by the occurrence of the strong
storm-induced ionospheric gradients and irregularities. In
the middle and high-latitude ionosphere, there are several
sources of large-scale plasma gradients such as dynamics
and evolution of the midlatitude ionospheric trough, for-
mation of storm enhanced density (SED), and further evo-
lution of the SED plume to the polar tongue of ionization
(TOI). SED has been described as a spatially narrow, dis-
tinct, region of enhanced plasma density (plume) observed
in the post-noon and pre-midnight sectors extending from
the equatorward edge of the main ionospheric trough to
the noontime cusp (Foster 1993; Coster et al. 2007). The
dayside source of the TOI is the SED plume transported
from lower latitudes in the post-noon sector by enhanced
storm-time electric fields of the sub-auroral polarization
streams (SAPS) (Foster and Burke 2002). The SED latitude
decreases with increasing local time and disturbance level
(Foster et al. 2005). Anti-sunward convection carries this
material through the dayside cusp and across the polarcap to the nightside where the auroral F region is signifi-
cantly enhanced by the SED material (Foster et al. 2005).
During the SED/TOI convection across the polar cap, the
TOI structure may be fragmented into discrete polar cap
patches. A polar cap patch typically has a density that is
2–20 times larger than the surrounding background elec-
tron density and its horizontal size ranges from 100 to
1000 km (e.g., Tsunoda 1988, Crowley et al. 2000). The
convecting patches develop intermediate-scale irregular-
ities by action of the gradient-drift instability mechanism
(Kersley et al. 1995), that is also confirmed by numerical
simulation (Gondarenko and Guzdar 2004). Because of
the steep plasma density gradients and irregularities at
their edges (Weber et al. 1986), the TOI structure and
polar cap patches can be detected with GPS measure-
ments (e.g., Aarons 1997; Noja et al. 2013; van der Meeren
et al. 2014).
The ROTI maps in Fig. 3a correspond to the first peak
of the auroral activity registered near 09–10 UT of 17
March 2015. The significant intensification of the iono-
spheric irregularities is observed in the night-time sec-
tor. The irregularities in the polar cap including cusp
region were not so intense as those in the auroral zone.
The ROTI maps at Fig. 3b, c demonstrate the occur-
rence of the ionospheric irregularities inside the polar
cap region. These irregularities can be caused by the
TOI/patch structure dynamics from the dayside and
consequent formation of the large-scale polar patches.
The daily ROTI map (Fig. 3e) also shows the ionospheric
irregularities’ occurrence not only as an oval-shape re-
gion but also in form of the radial structures oriented
from the noon sector to near midnight one that can be
related to the TOI dynamics through the polar cap
region. The occurrence of the strong GPS phase fluctua-
tions within 50–60° MLAT in North America, seen in
the ROTI maps in Fig. 3d, was likely caused by the SED
formation and plasma density gradients inside this large-
scale SED structure. In summary the GPS fluctuation
measurements can be used for detection of the high-
latitude ionospheric irregularities caused by the direct
particle precipitation, as well as the ionospheric irregu-
larities formed through the subsequent plasma and
dynamic processes in polar ionosphere during the main
phase of the geomagnetic storm.
In addition, we note a strong impact of this ionospheric
disturbance on the HF radio propagation. Figure 4 shows
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Fig. 3 a–e The same as Fig. 2 but for the storm day of 17 March 2015
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Fig. 4 Examples of the digital ionograms recorded at 1730–1745 UT during 16 March (top) and 17 March (bottom) by Boulder, Juliusruh, and
Mohe digisonde stations
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sounding stations located at mid-latitudes in North
America, Europe, and Asia. All ionograms were ob-
tained from the GIRO DIDbase via the SAO Explorer
software (Reinisch and Galkin 2011). We present
ionograms for 1730–1745 UT—the same interval that
was considered with the ROTI maps in Figs. 2b and
3b—for the quiet day (top panel) and the disturbed
day (bottom panel). For the quiet day, the recorded
ionograms demonstrated clear reflecting echoes corre-
sponding to a distinct F2 layer. For the conditions of
17 March, we note a strong spread and total/partial
absence of the reflecting echoes in ionograms for all
considered stations. At the Millstone Hill station (not
shown here), 5-min ionograms with nearly total ab-
sence of the reflecting echoes were recorded during
extended period from 2235 UT of 17 March till
1020 UT of 18 March. This fade out effect can be
caused by the significant decrease of the F2 region
electron density (negative ionospheric storm), or by
an increase in turbulence of the ionospheric plasma
(ionospheric irregularities). So, the vertical sounding
technique, accepted as a benchmark for ionospheric
research, was not able to provide the necessary infor-
mation about the ionosphere’s state at different mid-
latitude locations of the Northern Hemisphere during
the main and/or recovery phases of this storm. On
the other hand, the estimates of the ionospheric ir-
regularities occurrence and intensity derived with the
GPS signal measurements are a valuable source of in-
formation during this period.
Further, we analyze the changes of the ionospheric
irregularities intensity by estimation of the normalizedHROTI based on the 15-min ROTI maps. In order to
compare the obtained HROTI values with other geo-
physical indices, we obtained the 15-min averaged HP
and AE indices. The NOAA HP index is released with 5-
min resolution, the preliminary AE index is released by
the WDC Kyoto with 1-min resolution. The Kp index is
released with 3-h resolution, so we interpolate these data
to 15 min. We calculate the HROTI index for the region
covered 50–90° MLAT by two ways—with and without
taking into account the polar cap region with cusp. As
the boundary of polar cap, we select 75° MLAT, based
on the estimates of cusp position made by Newell et al.
(1989) and Russell (2000) and the Feldstein model re-
sults for the auroral oval poleward boundary.
Figure 5 shows the variability of the HROTI, HP, AE,
Kp, and SYM-H indices during 15–20 March 2015. The
HROTI index is presented for the region covered 50–90°
MLAT (blue bars) and 50–75° MLAT (red bars), that
excluded the polar cap region. It is clearly seen that the
main contribution to the total HROTI value is provided
by the region outside the polar cap zone.
We conclude that during this geomagnetic storm the
major part of the ionospheric irregularities were gener-
ated outside the polar cap region. Further evolution of
the geomagnetic storm leads to the ionospheric plasma
response in the form of the positive and negative distur-
bances, as well as formation of the SED structures at the
mid-latitudes of the Northern Hemisphere. The SED/
TOI convection across the polar cap was recognized in
the form of the intense ionospheric irregularities over
the polar cap region. This effect predominates during
the second part of the main phase from 13 UT till



















































Fig. 5 Variations of the a HROTI for two regions: 50–90° MLAT (blue bars) and 50–75° MLAT (red bars), b HP, c AE, d Kp, and e SYM-H indices during
15–20 March 2015. The HROTI, HP, and AE values are averaged over a 15-min period
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of energetic particle precipitation can not represent the
latter effects related to the dynamic processes within the
ionosphere. Zou et al. (2013) report that direct contribu-
tion from precipitating energetic protons to the SED
formation is at most ~10 % of the total F region density.
The main mechanisms responsible for the SED structure
formation are equatorward expansion of the convection
pattern, large upward flows, as well as horizontal advec-
tion due to fast flows, energetic particle precipitation,
and enhanced thermospheric wind in the topside iono-
sphere (Zou et al. 2013).
As expected, we found that the HROTI index that
indicates the GPS-based irregularities intensity at high
latitudes is in a very good agreement with changes of the
HP, AE, and Kp indices. There is a clear similarity in the
HROTI behavior following the peaks in the HP and AE
variation.
The HP estimates were about 10 GW before 0650 UT.
After ~0650 UT HP starts to rise and quickly reaches
~40 GW at 0730 UT with the first peak of 90 GW at
0940 UT. The following decrease of the HP index reachedthe minimum value of 35 GW near 1230 UT. It was initi-
ated by the northward turning of the IMF Bz. After 13 UT,
with new southward turn of Bz, the HP started to rise again
and peaked at 116 GW near 16 UT, then the HP index
remained larger 100 GW during ~10 h until 0130 UT of 18
March. The ionospheric irregularities intensity seen in the
HROTI index precisely followed these two main peaks dur-
ing the main phase of the storm. Visual comparison of the
data at Fig. 5a–c for interval 13 UT of 17 March till 06 UT
of 18 March shows a better agreement between the HROTI
and HP indices behavior.
Further, we estimate the dependence of the HROTI
values on the auroral activity indices. Figure 6 presents
the scatter plots of the normalized HROTI against the
variations of the HP, AE, and Kp indices. We consider
separately the HROTI values calculated over the latitude
region of 50–90° MLAT (left column of Fig. 6) and
50–75° MLAT (right column) with the latter excluding
the polar cap region. The scatter plots show a linear de-
pendence and the high correlation between the HROTI
and all considered indices. We find the highest correl-
ation of 0.84 between the HROTI and HP indices.
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Fig. 6 Scatter plot of the normalized HROTI data versus HP, AE, and Kp indices. Left panel (a–c) shows results for HROTI calculated over the
region of 50–90° MLAT, right panel (d–f)—over the region of 50–75° MLAT. Data are averaged over a 15-min period. The red solid line is the best
fit line. The correlation and linear regression coefficients are shown at the top of each graph
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reached the value of 0.79, but data show a wider scattering
and asymmetry around the best fit line (Fig. 6b). We note
that the HROTI is also well correlated with the Kp index
(R = 0.75); however, Fig. 6c clearly demonstrates some limi-
tation of the Kp index to represent the dynamics of iono-
spheric irregularities. Low sampling rate of the Kp index
(3 h) does not allow to use it concurrently with the rapid
HROTI variations. On the other hand, the Kp index or the
daily sum of Kp can be a suitable parameter to analyze the
evolution of the daily irregularities pattern, and it can be
used as a proxy for modeling of the ionospheric irregular-
ities oval’s position (e.g., Cherniak et al. 2014b).
Analysis of the scatter plots with the HROTI values
calculated over the region outside the polar cap demon-
strates some decrease in the data scattering and slightly
bit higher correlation coefficients comparing with the re-
sults that included the polar cap. We suggest that for
this severe geomagnetic storm, the major part of thehigh-latitude ionospheric irregularities occurred within
the region of 60–75° MLAT. This is in accordance with
the location of the auroral oval nowcasted by the OVA-
TION Prime model.
Conclusions
We report first results on the intensity of the high-
latitude ionospheric irregularities and its dependence on
the auroral activity indices during one of the largest
storms of the current solar cycle—the St. Patrick’s Day
storm of 17 March 2015. The obtained results show that
the dynamics of the high-latitude ionospheric irregular-
ities and the ROTI intensity strongly depend on both
the auroral electrojet and the auroral hemispheric power
indices. The best correlation (0.85) was found with the
auroral hemispheric power index, nowcasted by the
OVATION model.
Joint analysis of the GPS TEC and the OVATION Prime
model of the auroral precipitation demonstrate a very
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irregularity intensity and the equatorial border of the
ionospheric irregularities on the one hand and the model-
derived auroral precipitation level and the aurora oval
position on the other hand. Some differences between the
occurrence of irregularities in the ROTI maps constructed
with the GPS data and the simulated aurora oval shape
can be explained by the storm-induced dynamic processes
in the ionosphere (e.g., SED, TOI, SAPS, and plasma in-
stabilities), which could not be accounted in the precipita-
tion model. Thus the GPS TEC fluctuation measurements
can be used effectively for detection of the high-latitude
ionospheric irregularities caused by the direct particle pre-
cipitation, as well as the ionospheric irregularities due to
dynamic plasma processes in polar ionosphere during the
main phase of the geomagnetic storm.
High correlations between of the GPS fluctuation activity
and the auroral activity indices suggest a possibility to use
the indices as potential drivers for empirical modeling of
the ionospheric irregularities occurrence and intensity in
the polar and auroral latitudes. OVATION Prime model is
directly driven by the solar wind parameters both measured
in real time and forecasted. The model is able to provide
forecasts for up to 2 h in advance. The model with solar
wind–magnetosphere coupling function predicts auroral
power significantly better than Kp or other traditional
parameters (Newell et al. 2014). High correlations between
the intensity of the GPS-based ionospheric irregularities
and the HP index suggest that quantitative relationship
between particle precipitation and the ionospheric plasma
behavior can be obtained. The nowcasted and forecasted
HP index can be used as an input parameter in near real
time to obtain the first estimation of the severity of auroral
ionospheric irregularities. Alerts could be provided to
GNSS users even prior the GPS data from the ground-
based stations is collected and processed.
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